Tidal current power generation is attracting more and more attention these days for its cleanliness, predictability and reliability. A brimmed diffuser from wind-lens technology is tested in this study in order to observe its effect on power generation efficiency in tidal current turbine systems. Validation experiments were carried out in the circulating water channel for the bare turbine and the shrouded turbine, results of which proved that the diffuser improved the performance of the tidal turbine. The computational fluid dynamics (CFD) method and the blade element momentum (BEM) theory were used to evaluate the performance of the bare turbine and the shrouded turbine. For tip speed ratios (TSRs) of 2.5 to 4.0, both CFD and BEM calculations for the bare turbine were well-correlated with the experimental data. For the shrouded turbine, CFD results failed to exactly reproduce the experimental results with the turbulence model and mesh size utilized, but BEM results did succeed with TSRs greater than 3.0. Considering correlation with experimental data and calculation time cost, BEM is a satisfactory method for evaluating the performance of a tidal current turbine.
Introduction
In light of rising concerns regarding the future availability of fossil fuels, as well as their present effect on the environment, renewable energy has become the focus of much research. The main disadvantages present in most renewable energy sources are their intermittent availability and variation in energy intensity 1) . Tidal current energy shows strong potential as an alternative energy supply due to its predictability and reliability, which has recently drawn the attention of many experts and research groups 2) -14) . Some of the technologies developed for tidal current energy collection are undergoing demonstration tests, for example SeaGen 15) , OpenCentre 16) , and DeltaStream 17) . A tidal energy converter extracts the kinetic energy from the water current, which is proportional to the cubed flow velocity. There are many regions throughout the world where the water flux is sufficient for power generation 18) . Tidal current technology is similar to wind energy technology based on the same principle, converting the kinetic energy of moving fluid into mechanical energy 19) . However, there are also some differences between both technologies. Sea water is around 800 times denser than air. The tidal current with flow velocity of 2m/s, which may be the minimum for economic exploitation 20) , has around eighteen times the energy density of a good wind farm with the average wind velocity of 7m/s 21) , so the diameter of a water turbine can be less than one quarter that of a wind turbine for outputting the same power. Reynolds number of the water turbine is accordingly four times that of the wind turbine of same configuration. Besides, cavitation, corrosion, marine growth and sealing will probably be encountered by the tidal current turbine (TCT), which are not of much interest in terms of the present development phase for the turbine involved in this study.
Considerable effort has been made to develop the ducted or shrouded turbine in order to accelerate the oncoming flow and extract more power 9)- 14) . Wind-lens technology, as proposed by Ohya et al. 22) , adds a diffuser-type shroud to the rotor, which distinguishes the shroud feature from others by attaching a brim at the exit of diffuser. It has been shown that wind-lens turbine can achieve 2-3 times power augmentation compared to a bare wind turbine. Development of a TCT can initially be based on wind turbine design techniques and then modified to account for water phenomena 23) . It is surmised that wind-lens technology could be extended to the TCT.
In this study, wind-lens technology was adopted to the TCT system and its performance compared to that of the bare TCT by carrying out experiments in a circulating water channel (CWC). Performances of both the bare TCT and the shrouded TCT were evaluated by the computational fluid dynamics (CFD) method and the blade element momentum (BEM) theory. Effectiveness of these two methods in evaluating the performance was judged by comparison to the experimental results.
Validation Experiments in CWC
In order to check whether the wind-lens technology could be adopted to improve the performance of the TCT, model experiments were conducted for the bare turbine and the shrouded turbine. Validation experiments were conducted in the CWC at Research Institute of Applied Mechanics (RIAM) of Kyushu University for both the bare turbine and the shrouded turbine. The CWC can generate the maximum flow speed of 1.3m/s with a working section 4.4m in length, 1.5m width and a depth of up to 1.6m.
1 Description of Devices

Rotor and diffuser
According to the research achievements by Ohya et al. 22) shown in Fig. 1 , the diffuser type of Cii has the best performance among the tested four types, Sii, Aii, Bii and Cii. Consequently, the Cii-type diffuser was employed in the validation experiments. In addition, the 3-bladed rotor with a diameter of 300mm and a hub diameter of 41.6mm 24) was chosen as the testing model.
Configuration of the tested turbine was identical to that of the wind-lens turbine, but the scale was smaller. Hydrofoils of the blade sections in the spanwise direction are T41 revised from Gottingen 570 at the root, M-F073 and M-F072 respectively at 22% span and 70% span, and M-F071 at the tip, developed by AIST (National Institute of Advanced Industrial Science and Technology in Japan) and Fuji Heavy Industries, as shown in Fig. 2 . The chord length and pitch angle distributions in the radial direction are shown in Fig. 3 . The diffuser from wind-lens technology is a collection-acceleration device consisting of a venturi-shaped structure and a brim 22) . The brim is a ring-type plate attached to the exit periphery of a diffuser-type shroud as shown in Fig. 4 . The diameter of the throat is 308.6mm at the narrowest part of the diffuser. Accordingly, the hub ratio is 13.5% and the tip clearance is 4.3mm. A photograph of the rotor and diffuser models is shown in Fig. 5 . 
Experimental Process
The bare turbine and the shrouded turbine were set up in the CWC as shown in Fig. 6 and Fig. 7 , respectively. The specified oncoming flow velocity was 1.0m/s. In order to study the output performance of the turbines against different tip speed ratios (TSRs), a motor was connected to the inner shaft. The diffuser was fixed to the outer shaft. Torque data were measured by the load-cells installed in the nacelle.
For the water turbine, phenomenon of cavitation would happen to the blade when TSR is high. There is no need to talk about cavitation here for simplification because TSR is comparatively low in the conducted experiments.
Due to different flow velocity, reference length and kinetic viscosity, Reynolds numbers for the TCT and wind turbine in reference [22] used in model experiments are different, 3×10 5 for the TCT and 5.4×10 5 for the wind turbine (reference length equal to rotor diameter). In addition, kinetic power in the free flow passing through the swept area by the rotor is 35w for the TCT and 260w for the wind turbine. Therefore, the output power of the TCT is expected to be smaller than that of the wind turbine. 
Experimental Data and Analysis
Formulas
Related formulas used in analyzing the experimental data are given in the following way.
TSR:
where R is the radius of the rotor, ω is the angular velocity of the rotor and U 0 is the free flow velocity. Torque coefficient:
where Q is the torque on the rotor, A is the swept area by the rotor equal to πR 2 , and ρis the density of the water.
Power coefficient:
where P is the power of the turbine.
Data analysis
Power data of the bare turbine and the shrouded turbine from experiments were normalized to the free flow power passing through the rotor in order to derive power coefficients graphically presented in Fig. 8 . It is seen from Fig. 8 that there is no much scatter for distributions of two sets of data points. For the bare turbine, power coefficients initially rise and then fall with increasing TSR, reaching a maximum at a TSR of ~3.0. For the shrouded turbine, power coefficients increase sharply and then begin to level at a TSR of ~2.5, reaching its maximum at ~3.5.
Power coefficients of the bare turbine and shrouded turbine are very close at low TSRs. However, with increasing TSR, the difference in power coefficients grows. The maximum power coefficient of the shrouded turbine is around 0.88, which is 2.5 times that of the bare turbine. It can be definitively concluded that wind-lens technology employed in a TCT is effective in improving its performance.
Compared to those for Cii in Fig. 1 , power coefficients in Fig. 8 show similar variation trend and maximum value. It is noteworthy that there is an abrupt change in the gradient of the depicted curve at the TSR of ~ 2.0 and ~3.0 for the wind turbine only and with diffuser respectively, and the best performance can be attained at the TSR of ~4.0 for both turbines, as shown in Fig.  1 . However, this abrupt change arises at its TSR of ~1.5 and ~2.5, and the best performance at ~3.0 and ~3.5, for the bare and shrouded TCTs respectively shown in Fig. 8 . It looks like that the development trend of performances of TCTs is brought forward compared to that of wind turbines of same configuration. This phenomenon is mainly attributed to the difference in the Reynolds numbers. Besides, different surface smoothness of TCT and wind turbine models and different test facilities (CWC and wind tunnel, If the projected area by the turbine system is taken as the reference area, which is equal to the maximum area at the exit of the diffuser, the maximum power coefficient will become 0.46 that is still larger than the maximum power coefficient of the bare turbine. In this paper, the swept area by the rotor is treated as the reference area in order to clearly indicate the increased performance compared to the bare turbine.
Performance Evaluation using CFD
The CFD Method
The CFD method is applied widely in designing, predicting and evaluating hydrodynamic characteristics of fluid machinery. In this study, SC/Tetra-an all-in-one commercially-available CFD software from Software Cradle Co., Ltd.-was used to evaluate the performance of the TCTs computationally.
SC/Tetra 25) uses unstructured meshes enabling calculation of complex geometries with three processors: pre, solver and post. The pre-processor is used to prepare the geometry data for computation. It generates computational meshes and defines analysis conditions. The solver uses the input data (computational meshes, boundary conditions, and material properties) from the pre-processor to calculate the fluid flow field. The post-processor is used to visualize the data calculated by the solver, which is equipped with a multitude of functions such as contour, vector, and specifying values at specific points in the calculation domain. The discretization of control equation in SC/Tetra is based on the finite volume method. And numerical calculation of flow field is carried out by the SIMPLEC algorithm. Flow separation happens not only to the rotor, but also the diffuser. The SST (Shear Stress Transport) k-ω model 26) of turbulence model has the advantage in simulating the near-wall turbulence behavior and provides a better estimation of boundary layer separation under the adverse pressure gradient. It also avoids the over-estimation of eddy viscosity under the adverse pressure gradient and properly reproduces complicated separation phenomena that the conventional eddy viscosity models may fail to capture. In view of these advantages, this model is popular in CFD simulation for the TCTs 7), 13), 27)- 28) . So, in this study, the SST k-ω model is employed to be the turbulence model. The second-order MUSCL (Monotone Upstream-centered Schemes for Conservation Laws) scheme 31) is used for discretization of the convective term of the Navier-Stokes equation.
For the low-Reynolds-number turbulence model including SST k-ω model, in order to accurately solve the boundary layer on the wall surface, the height of wall-adjacent mesh should be set to achieve the non-dimensional wall distance y + less than 1.
However, limitations on computing power make it extremely difficult to guarantee y + less than 1 in the entire surface region 26) . Adaptive wall function developed for the purpose of enlarging the adaptive range of y + will relax the restriction, which allows y + at the transitional range( 5<y + <30). In our CFD simulation, adaptive wall function will be employed for SST k-ωmodel analysis.
Impact of Diffuser on Flow Field
As mentioned previously, the rotor extracts the kinetic energy of the oncoming flow passing through it, which is proportional to the cubed flow velocity. The effect of the diffuser from wind-lens technology is to accelerate the flow as it approaches the rotor. Fig. 9 shows the streamline in the flow field. The oncoming flow shows a tendency to go into the diffuser, rather than around it, which makes the streamline inside the diffuser denser than that outside the diffuser. Mechanistically, this arises because the brim produces vortexes behind it 22) . Vortexes generate a low-pressure region, and the large pressure difference directs more flow through the diffuser. Fig. 9 Streamline in the flow field for the diffuser only. Fig. 10 shows the pressure and velocity distributions around the diffuser. Pressure inside the diffuser is lower than that outside the diffuser, whereas the opposite is true of velocity. There is a low-pressure region seen corresponding to vortexes behind the brim. The velocity reaches the maximum at the throat plane, i.e. the rotor plane, which is represented by the vertical black solid line in the figure. Inside the diffuser, the nearer to the diffuser the flow is, the larger the velocity becomes. In a very narrow region inside the diffuser immediately adjacent to the diffuser, the flow velocity sharply decreases, likely because of the boundary layer. The average velocity at the throat plane inside the diffuser is approximately 1.45 times velocity of the oncoming flow (1.0m/s), showing the diffuser considerably increases the flow velocity. The pressure and velocity distributions around the diffuser shown in Fig. 10 are derived from the 3D CFD models of the diffuser and channel (3.5m×1.5m×1.2m) employed in CWC experiments. Through comparing three components in different a. pressure distribution(Pa) b. velocity distribution(m/s) directions for velocities in the flow field, the axial component is predominant. It is likely to reproduce the CFD results from 3D models by means of 2D axisymmetric simulation. The diffuser is axisymmetric and the channel is not, so the diffuser is supposed to be set in the center of an axisymmetric cylinder with a diameter of 1.2m and length of 3.5m in order to make a 2D CFD model which is configurationally a wedge with a central angle of five degree. (In SC/Tetra, it is called the pseudo 2D simulation.) The pressure and velocity distributions from 2D axisymmetric model are shown in Fig. 11 , which are very similar to that of 3D model. The velocity distributions in the radial direction at the throat plane from 2D and 3D models shown in Fig. 12 are nearly equivalent. This further proves the feasibility of the 2D axisymmetric simulation. For the same mesh size distribution and analysis conditions, the calculation time for 2D model is reduced nearly 72 times over that of the 3D model. This will be beneficial for the exploitation of optimized diffuser shapes from the standpoint of calculation time cost. 
3 The Bare Turbine
The computational domain for the bare turbine, shown in Fig.  13 , consisted of two regions: the rotating region and the stationary region. The rotor model was in a cylindrically-shaped rotating region with diameter of 0.5m and length of 0.22m. The free flow passed through the stationary region that simulated the CWC, the dimensions of which were 3.5m×1.5m×1.2m. Fig. 13 The computational domain of the bare turbine.
Unstructured tetrahedral elements filled the computational domain except the zone in the vicinity of surfaces of the rotor and channel wall where tetrahedrons were replaced by the prism layers in order to properly simulate the boundary layer. The total thickness of the prism layers was equivalent to the size of the adjacent tetrahedral element. The closer the mesh was located to the surface of the rotor, the smaller the size of the mesh was. The minimum mesh size was 0.002m near the rotor. The number of total computational meshes was 7.2 million.
The flow velocity was given to the inlet boundary condition which was same as that in the CWC. The zero static pressure was specified over the outlet boundary. The condition of no-slip was set to the surface of the rotor and the wall of the channel. The transient analysis was used for calculation for the sake of deriving satisfactory target values. The number of calculation cycles and time step differed for different TSRs.
The Shrouded Turbine
The computational domain for the shrouded turbine was similar to that of the bare turbine, as shown in Fig. 14 . It consisted of the same two regions: the rotating region and the stationary region. The rotor model was placed in the cylindrical rotating region and had a diameter of 0.302m and length of 0.18m. The diffuser was in the stationary region surrounding the rotating region. was 0.002m near the rotor and the diffuser. The total meshes numerated 6.6 million. The analyses conditioned were the same as those for the bare turbine. The surface of the diffuser was also treated as no-slip, like other surfaces.
Results Analysis
Calculation results using CFD are shown in Fig. 15 . For the bare turbine, the typical average value of y + is around 30 for the wall-adjacent node at the rotor surface. For low and high values of TSR, calculation results are smaller than experimental results.
In the area where TSR is around 2.5 to 4.0, which is where the actual turbine usually runs, calculation results are in good agreement with experimental results. The shape of the plot of the experimental data appears to be well-reproduced in the CFD calculations. For the shrouded turbine, the typical average value of y + is around 35 for the wall-adjacent node at the rotor surface and 15 at the diffuser surface. y + at the rotor surface is beyond the allowable range in adaptive wall function. When TSR is less than ~3.5, the calculation results are smaller than experimental results except for very low values of TSR. When TSR is more than ~3.5, the calculation predicts larger power coefficients than the experiment. Though the calculated numerical values don't exactly match experimental results, but qualitatively express the effect of the diffuser on performance. The large discrepancy probably results from the use of the coarse mesh size. In order to test the impact of mesh size on the simulation results, a very fine mesh layout was structured for the flow field, of which the minimum was 0.001m near the rotor and diffuser. Due to high mesh number of 30 million, long time would be taken to carry out the transient analysis for deriving the output power against one TSR. Therefore, only two power coefficients against TSR were calculated as shown in Fig. 15 . The typical average value of y + is around 8 for the wall-adjacent node at the rotor surface and 3 at the diffuser surface. With mesh size decreasing, y + apparently falls dropping into the allowable range.
Both calculation results are smaller than the experimental values, but match better than the preceding one. The intense nonlinearity of the flow field inside the diffuser due to the interaction between the rotor and the diffuser leads to the increased complexity of simulation of flow field by CFD. Appropriate mesh resolution need to be further studied. The RANS-SST k-ω model does well in evaluating the performance of the bare turbine for the specific interval of TSR where the real turbine runs. For a turbine with brimmed diffuser, the flow field around the rotor becomes quite complicated due to the interaction between the rotor and the diffuser. This turbulence model fails to capture the exact output results for the tried mesh sizes, only predicting the enhanced performance by attaching a diffuser. CFD calculation dependency on mesh size for the shrouded turbine need to be further discussed. Fig. 16 shows the pressure distribution on the blades of the bare and shrouded turbine at a TSR of 3.0. After attaching the brimmed diffuser, the pressure difference between the pressure side and the suction side increases, leading to the increased lift force. The torque acting on the rotor, and therefore the output performance, will be increased. 
Performance Evaluation using BEM
The BEM Theory
The Blade Element Momentum (BEM) theory couples the momentum theory with the blade element theory. In the momentum theory, the turbine rotor is treated as an actuator disc, where it is considered a kinetic energy extraction device but does not consider the specific configuration of blades. In the blade element theory, the forces on a blade element can be calculated by means of two-dimensional hydrofoil characteristics using an angle of attack determined from the incident resultant velocity in the cross-sectional plane of the element 29) . The force on a whole blade can be derived by integrating along the span.
There are two important assumptions in the BEM model 30) for the elements: (1) there is no radial dependency, meaning what happens at one element cannot be felt by the others; and (2) the force from the blades on the flow is constant in each element that corresponds to a rotor with an infinite number of blades. For this case, hydrodynamic characteristics of hydrofoils of four blade cross sections, T41, M-F73, M-F72 and M-F71, have been given. Eight other cross sections were inserted into these four known cross sections, hydrodynamic characteristics of hydrofoils of which were derived by cubic spline interpolation. Adding all the components along the span acting on each blade element gave the ultimate result.
The Bare Turbine
The BEM theory is widely applied in designing, predicting and estimating the aerodynamic performance of a bare wind turbine. Based on the same principle of energy conversion as the wind turbine, the BEM theory could logically be extended to the TCT for performance evaluation.
The oncoming flow velocity was 1.0m/s and was the same for all the blade elements. Due to the vortexes at the tip, the tip loss occurred and was accounted for using Prandtl's tip loss factor. Calculation results for each blade element ultimately reached convergence through iteration. The resultant force and torque on the blade were derived by integrating in the radial direction.
The Shrouded Turbine
The diffuser cannot be modeled by the BEM theory directly. If the BEM theory continues to be used, some approximations must be employed in the calculations. The actual effect of the diffuser is to change the flow field around the rotor. It was assumed that a velocity profile derived by the 2D axisymmetric CFD simulation for the diffuser only, as shown in Fig. 12 , flowed into the rotor instead of the oncoming flow of 1.0m/s. The BEM theory can use this approximation of the flow velocity to evaluate the performance of the shrouded turbine.
A problem with the velocity profile shown in Fig. 12 is that it does not incorporate the impact of the rotor on the flow field. By evaluation of some correction factors, a value of 0.9 was found to be acceptable for inclusion of the effect of the rotor on the velocity profile from diffuser only.
After generating the modified velocity profile for the rotor in the shrouded turbine, the steps for calculation of BEM were similar to those taken in the bare turbine. The diffuser suppressed production of vortexes at the tip, therefore the tip loss correction was not implemented for the shrouded turbine. Fig. 17 shows the calculation results from the BEM theory, juxtaposed with the calculation results from CFD and the experimental results for the sake of comparison.
Results Analysis
The calculation results for both the bare turbine and the shrouded turbine are in good agreement with the experimental results when the TSR is greater than 3.0. But for the values of TSR less than 3.0, calculation results deviate significantly from the experimental results in both the bare turbine and shrouded turbine, especially for the latter.
Being as there are assumptions made in the BEM theory, some error may be introduced when predicting the performance of the turbine by BEM. In practice, it seems that the error is small for TSR values greater than 3.0 29) . So, the calculation results, in this case, are justifiable for TSR values greater than 3.0. Completion of BEM calculation was in a few seconds, which tremendously saved time cost. For the calculation results for the shrouded turbine, applying a 2D velocity profile instead of the oncoming flow effectively derives the satisfactory simulation results that correlate well with experiment. BEM simulation coupled with 2D velocity profile is time-efficient and precision-satisfactory for engineering application. 
Conclusions
Through experiments carried out in the CWC for the bare turbine and the shrouded turbine, it was validated that the brimmed diffuser from wind-lens technology can improve the performance of the TCT. The maximum power coefficient of the shrouded turbine reached 2.5 times that of the bare turbine.
The impact of the diffuser on the flow field was studied by CFD, the results of which verified the effectiveness of the diffuser in accelerating the approaching flow. The CFD method and the BEM theory were used to evaluate the performance of the bare turbine and the shrouded turbine. For the bare turbine, CFD results fit the experimental results well for TSRs between 2.5 and 4.0 and BEM results for TSRs greater than 3.0. For the shrouded turbine, CFD results correctly reflected the effectiveness of the brimmed diffuser to improve the performance of the turbine, but don't exactly match experimental results. BEM results fit the experimental results quite well for TSRs greater than 3.0.
Considering the TSR interval where the TCTs actually run-around 3.0 for the bare turbine and 4.0 for the shrouded turbine-and large calculation time cost of CFD, BEM can be used as a satisfactory method for evaluating the performance of TCTs. Due to the complexity of flow field surrounding the shrouded turbine, the appropriate mesh size resolution for CFD simulation need to be further discussed.
